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Many functional proteins do not have well-folded structures in their substantial parts, representing
hybrids that possess both ordered and disordered regions. Disorder is unevenly distributed within
these hybrid proteins and is typically more common at protein termini. Disordered tails are engaged
in a wide range of functions, some of which are unique for termini and cannot be found in other
disordered parts of a protein. This review covers some of the key functions of disordered protein ter-
mini and emphasizes that these tails are not simple ﬂexible protrusions but are evolved to serve.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
For decades, biological functions of proteins were intimately
linked to their unique, crystal-like structures. Activities of such
highly ordered proteins were typically described in terms of
lock-and-key (where the speciﬁcity of substrate–protein interac-
tion is achieved via a high degree of geometrical precision in
molecular binding [1–3], with a substrate ﬁtting a protein active
site as key ﬁts a lock) or induced ﬁt models (where the interaction
between a protein and a rigid binding partner might induce confor-
mational changes in the protein [4]). However, recent years wit-
nessed a dramatic increase in the appreciation of the need of
conformational plasticity for the efﬁcient protein function, with
the extreme side of the structure–function spectrum being biolog-
ically active proteins that do not possess unique structure entirely
or in their substantial part; i.e., intrinsically disordered proteins
(IDPs) or hybrid proteins consisting of ordered domains and intrin-
sically disordered protein regions (IDPRs) [5].
It is clear now that IDPs and IDPRs, which are proteins or protein
regions that do not assume unique three-dimensional structures bythemselves, are very common innature [6–8] andare abundantly in-
volved in numerous biological processes, where they are found to
play different roles in regulation of the function of their binding
partners and in promotion of the assembly of supra-molecular com-
plexes [9–37]. The conformational plasticity associated with intrin-
sic disorder provides IDPs/IDPRs with a wide spectrum of
exceptional functional advantages over the functional modes of or-
dered proteins and domains [29]. For example, the high accessibility
of sites within the disordered proteins simpliﬁes their post-transla-
tional modiﬁcations, allowing for a simple mean of the modulation
of their biological functions [29]. Many IDPRs contain speciﬁc iden-
tiﬁcation regions via which they are involved in various regulation,
recognition, signaling and control pathways [19,22]. Furthermore,
many IDPs/IDPRs possess complex ‘‘anatomy’’ (they contain multi-
ple, relatively short functional elements), which contributes to their
unique ‘‘physiology’’ (an ability to be involved in interaction with,
regulation of and control by multiple structurally unrelated part-
ners) [31–33]. Given the existence of multiple functions in a single
disordered protein, and given that each functional element is typi-
cally relatively short, alternative splicing could readily generate a
set of protein isoforms with a highly diverse set of regulatory ele-
ments [38]. The complexity of the disorder-based interactomes is
further increased due to the chameleon nature of disordered seg-
ments; i.e., due to the ability of a single IDPR tobind tomultiple part-
ners gaining very different structures in the bound state [39,40].
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protein sequence, with residues located in the protein termini
being on the average more disordered than residues in the middle
of the protein chain (see, e.g. [41]). The increased disorderedness of
protein termini can be in part explained by the speciﬁcity of their
attachment to the polypeptide chain, where only one end is cova-
lently afﬁxed to the main body of the protein molecule. However,
this peculiarity of chemical structure cannot explain the great var-
iability in the length and amino acid composition of disordered
protein tails, as well as the uneven distribution of long disordered
termini among proteins from different kingdoms of life. In fact,
such pronounced variability suggests some functional involve-
ment. This review presents major functions ascribed to the intrin-
sically disordered protein tails (IDPTs) and shows that these
waggly protrusions are able to perform a number of rather unusual
functional tricks. This functional multifariousness allows one to
have a glimpse at why such tails are heavily utilized by nature.
Since tails can be engaged in the majority of functions ascribed
to IDPRs in general, and since some of the disorder-based functions
are tail-speciﬁc, one can claim that ‘‘the most important thing is
the tail’’, supporting, therefore, the known saying that everybody
is equal, but some are more equal than others.2. Functional repertoire of ﬂexible tails
IDPS/IDPRs are commonly involved in a wide range of biological
functions that are known to complement functional repertoire of
ordered proteins and structured domains [13–15,20,29,42–44].
Based on the analysis of what they can do and how they can act,
IDPTs are grouped below into several functional classes. It is
important to emphasize here that the proposed classiﬁcation of
IDPTs is not exhaustive and many other functional categories of
disordered tails are expected to exist. The following sections have
simple hierarchical structure and each functional category ﬁrst
shows basic molecular mechanism of action (e.g., interaction or
binding, entropic activities, chaperone functions), followed by the
speciﬁc name of a functional group (e.g., inhibitors, activators, pro-
tectors, stabilizers, etc.). Then, a brief description of functions in-
cluded into the group is provided together with some illustrative
examples of proteins with a given function.
2.1. Interaction-based functions: IDPTs as multifarious interactors
Almost everything what proteins do has roots in their ability to
be involved in various interactions. In fact, many proteins evolve to
interact with the magnitude of other molecules, such as other pro-
teins, nucleic acids, membranes and various small molecules of dif-
ferent nature. Protein-mediated interactions are crucial for most of
the biological processes and these interactions are extremely wide-
spread in all the living organisms. For example, there are more
than a half a million protein–protein interactions in the human
interactome [45]. Therefore, it is not surprising that the interac-
tion-based protein functions are wide spread and very diverse. It
is also not surprising that IDPs and IDPRs, with their dynamic, pli-
able and highly adjustable structures, are among the most vivid
interactors. Some of the key functions ascribed to IDPTs are repre-
sented below.
2.1.1. Inhibitors/competitors
Inhibitory function is related to the ability of an inhibitory mod-
ule (IM) to decrease the activity of functional module (FM) or do-
main of a protein. Inhibition controls function of the proteins
that exist in at least two functional forms, an active state, where
FM and IM do not interact with each other, and an inactive (inhib-
ited) form that results from the IM binding to FM. IDPTs can act asautoinhibitory domains; i.e., protein regions that negatively regu-
late the function of other domains via intramolecular interactions.
They also can serve as external inhibitors, where IM of one protein
decreases functional efﬁciency of FM of other proteins. At the
mechanistic level, inhibition ranges from allosteric effects where
IMs bind to sites distant from the FM active sites and induce struc-
tural changes affecting protein function, to direct occlusion of the
FM active cite by the IM binding [46,47].
Autoinhibitors: Autoinhibition is used to regulate cellular locali-
zation of a protein and controls very diverse protein activities, such
as speciﬁc response of signaling proteins only to appropriate sig-
nals, protein interaction with DNA and RNA, protein–protein inter-
actions, enzymatic catalysis, etc. [47]. In its turn, the activity of IMs
is tightly regulated by several means, which include binding to
activating partners, the irreversible proteolysis, and various post-
translational modiﬁcations (PTM) [46]. Fig. 1A represents an illus-
tration of how posttranslational modiﬁcation of IDPT can be used
to control the protein autoinhibition. Since a large set of autoinhi-
bitable proteins with intrinsically disordered IMs was described in
a very recent comprehensive study [47], additional examples are
not presented in this paper.
External inhibitors: IDPTs are frequently used as external inhib-
itors and often play crucial roles in controlling important biological
functions. For example, the C-terminal intrinsically disordered do-
main of a mitochondrial pro-apoptotic protein ARTS (which is de-
rived by differential splicing from the human septin H5/PNUTL2/
CDCrel-2a (Sept4) gene) contains 27 unique residues important
for the ARTS binding to and inhibition of XIAP (X-linked Inhibitor
of Apoptosis protein) [48]. Interaction of the ARTS CTD with the
Bir3 domain of XIAP promotes degradation of XIAP through the
proteasome pathway which, in turns, removes XIAP inhibition of
caspases and enables apoptosis to proceed [48].
Competitors: Competitive binding represents a form of the
inhibitory action, where binding of an IDPT and an external binding
partner to the dedicated binding site of functional module are
mutually exclusive. The term ‘competitor’ is introduced to describe
the modulation of non-catalytic protein functions, since term
‘inhibitor’ is commonly associated with the molecular mechanisms
regulating enzymatic activity. An illustrative example of such bind-
ing competitor is the acidic intrinsically disordered C-terminal tail
of the single stranded DNA-binding protein (ssDNA-binding pro-
tein) known as the gene 2.5 protein, that competes with ssDNA
binding to the speciﬁc ssDNA-binding cleft of the protein [49].
2.1.2. Activators
Speciﬁc binding of some IDTPs can activate rather than inhibit
target protein and can result in activation of speciﬁc pathways.
For example, the high-osmolarity glycerol (HOG) pathway for
osmoregulation in the yeast Saccharomyces cerevisiae is activated
via interaction of the RA (Ras association) domain of the adaptor
protein Ste50p with the cytoplasmic tail of single-transmembrane
protein Opy2p [50]. Here, based on the observation that IDTP of
Opy2p contains at least two overlapping motifs both possessing
similarly weak afﬁnity to the Step50p-RA domain with weak afﬁn-
ities, it has been concluded that a multivalent interaction between
Opy2p and Ste50p represents a crucial point of control of the HOG
pathway [50].
Another example is activation of the DNA damage and replica-
tion checkpoint kinase Mec1/ATR in response to various genotoxic
stresses [51]. Here, Mec1/ATR is activated via its interaction with
the TopBP1/Cut5/Dpb11 complex that is recruited by the check-
point clamp 9-1-1 (Rad9-Rad1-Hus1 in Schizosaccharomyces pombe
and mammals; Ddc1-Rad17-Mec3 in S. cerevisiae) to stalled repli-
cation sites. Activation of Mec1/ATR is mediated by its interaction
with the intrinsically disordered C-terminal tails of TopBP1 and
Dpb11 [51].
Fig. 1. Some illustrative examples of functional protein tails. (A) Posttranslational modiﬁcation of IDPT and protein autoinhibition. (B) An illustrative examples of penetrators.
Ribosomal protein s12 embedded into the rRNA (PDB ID: 1N34). (C) An illustrative examples of domain swappers. E. coli trp repressor dimer (PDB ID: 1ZT9). (D) An illustrative
examples of chameleons. The C-terminal fragment of p53 gains different types of secondary structure in complexes with four different binding partners, cyclin A (PDB ID:
1H26), sirtuin (PDB ID: 1MA3), CBP bromo domain (PDB ID: 1JSP), and s100bb (PDB ID: 1DT7). Adopted from [37]. (E) An illustrative example of grabbers. Structure of the
complex between bPIX coiled-coil (red helices) and Shank PDZ (blue cloud) (PDB ID: 3L4F). (F) An illustrative example of a binder with multiple rods. Shape model of the
hexameric Escherichia coli RNA chaperone Hfq that contains a well-folded hexameric core and ﬂexible C-termini extending laterally away from the core [111].
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ordered transactivation domain (AF1) located at the N-terminus
of estrogen receptor alpha (ERa). The transcriptional activity of this
domain is controlled by two crucial events, phosphorylation of ERa
AF1 region at serine 118 in response to estrogen (agonist), tamox-
ifen (antagonist), and growth factors, and recruitment of the pep-
tidyl prolyl cis/trans isomerase Pin1 that isomerizes the
serine118–proline119 bond from a cis to trans isomer, leading to
a concomitant increase in the AF1 activity [52].
2.1.3. Afﬁnity tuners
IDPTs are common functional entities of DNA-binding proteins
that play a number of crucial roles in increasing the afﬁnity and
speciﬁcity of DNA binding [53]. The ability of disordered tails toundergo a disorder-to-order transitions during interactions with
DNA is assumed to be related to their capability to improve the ki-
netic and thermodynamic parameters of speciﬁc DNA binding; i.e.,
to serve as specialized afﬁnity tuners [53]. The amino acid se-
quences of the disordered tails are unique and possess characteris-
tics that were evolutionarily selected to achieve the optimized
function that is unique to each protein. Therefore, protein function-
ality can be easily tuned by introducing perturbation of the electro-
static characteristics of these IDPTs by post-translational
modiﬁcations, such as acetylation and phosphorylation [53]. These
PTMs, being rationally positioned, may affect protein charge state
and therefore rationally and predictably modulate afﬁnity of these
proteins to DNA and therefore can serve to regulate and modulate
DNA recognition [53]. Here, the modulation effects can be tuned by
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them [54].
One of the important regulatory mechanisms is the ability of
some proteins to recognize their binding partners in an isoform-
speciﬁc manner [55]. A combined computational and spectroscopic
analysis of model peptides derived from the intrinsically disor-
dered N-termini of different tropomyosin (TM) isoforms to the
two TM-binding sites of different tropomodulin (Tmod) isoforms
revealed the existence of the isoform-dependent afﬁnities, with
only a handful of residues being responsible for these isoform-
dependent differences in afﬁnity [55]. It was also shown that the
peculiarities of binding of one isoform can be mimicked by another
isoform via introduction of a set of mutations rather than by
mutating a single residue [55].
2.1.4. Signal carriers
IDPs and IDPRs are commonly involved in cell signaling [56],
and many IDPTs contain various speciﬁc signals [22], some of
which deﬁne protein fate and localization. Among such tail-located
signals that determine intracellular localization of proteins are
positively charged residues at the disordered N-termini of proteo-
bacterial proteins that drive the posttranslational transport of the
chromosomally encoded IDPs to mitochondria [57]; a speciﬁc rec-
ognition element located within the intrinsically disordered C-ter-
minal intracellular tail of the ubiquitous plasma membrane carrier
protein Na+/H+ Exchanger isoform 1 (NHE1) and its homologues
that deﬁnes trafﬁcking of these proteins to the plasma membrane
[58]; the polybasic nuclear localization signal (NLS) located in the
unstructured N-terminal segment of the a-isoform of the
CTP:phosphocholine cytidylyltransferase (CCTa) has found an unu-
sual use as secondary membrane-binding element deﬁning strong
binding of CCTa to anionic membranes [59]; phosphorylation of
similar N-terminal domain of CCTa antagonizes the attraction of
this protein for anionic membranes [59]; endoplasmic reticulum
(ER) retention motifs are located within the IDTPs (e.g., C-terminal
disordered tail of Nogo proteins [60]); basic-rich nuclear localiza-
tion signals (NLSs) are found within the intrinsically disordered
tails of the TgGCN5-family histone acetyltransferases (HATs) from
Toxoplasma gondii [61].
An interesting partitioning in the cellular localization of some
proteins was recently ascribed to some peculiar features of their
intrinsically disordered N-terminal tails [62]. Although the co-
translational import into the ER is primarily controlled by speciﬁc
signal sequences that are located within the disordered N-terminal
tails of many proteins and mediate targeting of the ribosome-nas-
cent chain complex to the Sec61/translocon to initiate the translo-
cation process, it has be shown that after targeting to the
translocon the secondary structure of the nascent polypeptide
chain can signiﬁcantly modulate translocation efﬁciency [62]. This
study revealed that the intrinsically disordered ER-targeted poly-
peptides did not translocate into the ER lumen but were subjected
to proteasomal degradation via a co-translocational/preemptive
pathway, whereas ER-targeted proteins containing a-helical do-
mains were subjects of the productive ER import [62].
2.1.5. DNA sliders and brachiation domains
The roles of IDPTs in DNA binding are manifold and range from
the promotion of DNA search by proteins that interact non-
speciﬁcally with DNA to the increase in the overall protein–DNA
interface leading to the increased afﬁnity of the protein to the
DNA, and to the deﬁning the DNA-sliding propensity of proteins
while slowing their linear diffusion [53]. The effects of the IDPTs
on the sliding rate of DNA-binding proteins are controlled by the
degree of positive charge clustering within the IDPTs [53]. Often,
speciﬁc IDPTs of DNA-binding proteins serve as DNA recognizing
subdomains that are not simply related to the DNA binding, butdetermine the capability of these protein to travel on DNA via a
set of intersegment transfer events described as a ‘‘monkey bar’’
mechanism in which the disordered terminal domains sequentially
bridge two different DNA fragments simultaneously [53]. This
‘‘monkey bar’’ mechanism that depends on the brachiation dynam-
ics of the involved domains, is assumed to deﬁne the overall capa-
bility of DNA-binding proteins to search DNA efﬁciently [53].
2.1.6. DNA wrappers
IDPTs of some DNA-binding proteins deﬁne a unique mode of
interaction with DNA, where in addition to serve as essential deter-
minants of speciﬁc binding, these tails wrap around DNA. One of
the examples of such wrapping interactions constitute an impor-
tant component of a complex between the DNA binding domain
of the chicken erythroid transcription factor GATA-1 and its cog-
nate DNA site that has been determined by the multidimensional
heteronuclear NMR spectroscopy [63]. It was emphasized that
the basic C-terminal tail of GATA-1 is an essential determinant of
speciﬁc binding and that the protein–DNA complex can be visual-
ized as ‘‘a hand holding a rope with the palm and ﬁngers represent-
ing the protein core and the thumb, the basic carboxyl-terminal
tail’’ that wraps around the DNA and lies in the minor groove
[63]. A fungal GATA factor AREA from Aspergillus nidulans uses its
basic C-terminal tail in a very different manner. Here, the tail is in-
volved in a range of non-speciﬁc contacts along the sugar–phos-
phate backbone and runs parallel with the sugar phosphate
backbone along the edge of the minor groove [64].
2.1.7. Benders and twisters
Among the speciﬁc consequences of protein binding to DNA are
DNA bending and twisting. An illustrative example of the crucial
role of IDPT in DNA bending is given by the disordered C-terminal
tail of the Drosophila melanogaster HMG-D protein that binds DNA
non-sequence-speciﬁcally [65]. HMG-D contains a DNA-binding
domain that consists of three helices stabilized in an L-shaped con-
ﬁguration by two hydrophobic cores and a 26 residue C-terminal
tail that forms a positively charged unstructured domain when free
in solution. Analysis of DNA binding of the full-length and C-termi-
nally truncated forms of HMG-D revealed the presence of notice-
able bending of the DNA duplex, with degree of bending being
dependent on the presence of the C-terminal domain [65]. Curi-
ously, detailed thermodynamic analysis of this interaction showed
that DNA binding is a completely entropy-driven process, that the
positive entropy of association is determined by the release of
counter-ions and dehydration upon forming the protein/DNA com-
plex, and that binding of the positively charged C-terminal tail of
HMG-D to DNA is almost completely electrostatic in origin [65].
Similarly, disordered tail of p53 is also crucial for effective DNA
bending [53,66]. In fact, although four molecules of the DNA bind-
ing domain of human p53 (p53DBD) were able to bind the re-
sponse elements with high cooperativity and bend the DNA, the
efﬁciency of DNA bending and twisting was dramatically enhanced
when the full-length p53 was used in the DNA binding experi-
ments [66]. Here, four subunits of p53DBD bend the DNA by 32–
36, whereas full-length p53 that in addition to DBD contains
intrinsically dsiordeerd termini bends DNA by 51–57 [66].
2.1.8. Engagers
Although many IDPs and IDPRs are able to be involved in multi-
ple interactions, some IDPTs can be taken as illustrations of extre-
mely promiscuous binders that deﬁne engagement of their carriers
in multitude of processes. For example, disordered tails of kinesins
respond to a wide variety of structural and molecular cues that en-
able these proteins to carry speciﬁc cargoes in response to partic-
ular cellular signals [67]. The intrinsically disordered N-terminal
tails of the core histones and the C-terminal tail domain of linker
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functioning in chromatin [68]. Disordered N- and C-terminal tails
determine the exquisite binding promiscuity of the tumor-related
protein p53 [39], which is an important transcription factor, acti-
vated form of which is known to accumulate in the nucleus and
bind to speciﬁc DNA sequences inducing or inhibiting over 150
genes [69,70], some of which are involved in apoptosis, growth
arrest or senescence in response to genotoxic or cellular stress
[71–74]. Intrinsically disordered C-terminal domain of a highly
conserved transmembrane glycoprotein L1, which is member of
the immunoglobulin superfamily of cell adhesion molecules, plays
an important role in dynamic regulation of intracellular signaling
via its ability to accommodate different targets and therefore has
the potential to ﬁne-tune signal transduction via cell surface recep-
tors [75]. An enigmatic C-terminal disordered tail of human immu-
nodeﬁciency virus gp41 is involved in a wide range of interactions
with intracellular and intravirion partners and regulates different
stages of viral life. This IDPT controls the incorporation of the
surface viral envelope protein (Env) into viral particles, modulates
Env ectodomain structure on the cell and virion surface, regulates
virion maturation, affects Env reactivity and viral sensitivity to
conformation-dependent neutralizing antibodies, regulates endo-
cytosis of Env from the cell surface to late endosomes, and alters
cell–cell and virus–cell fusogenicity of Env [76,77].2.1.9. Protectors
IDPTS can be used as speciﬁc protectors that prevent random
binding of unwanted molecules to the large binding pockets. For
example, ssDNA-binding proteins, ribosomal proteins, and high-
mobility group proteins were proposed to use this mechanism to
protect their nucleic acid-binding pocket by electrostatic shields
of highly charged disordered domains located at protein termini
[49]. In fact, the prokaryotic ssDNA-binding proteins, which are
the key component of the machinery that mediates replication,
recombination, and repair, were shown to contain a conserved
DNA-binding domain and an acidic intrinsically disordered C-ter-
minal tail, which, in the absence of ssDNA, occluded the ssDNA-
binding cleft, therefore predicting that the binding of the C-termi-
nal tail prevents random binding of charged molecules to the nu-
cleic acid-binding pocket and coordinates nucleic acid–protein
and protein–protein interactions [49].2.1.10. Stabilizers
Binding of some IDPTs to their speciﬁc partners (intrinsic or
extrinsic) contributes to the stability of resulting complexes. One
of such structural stabilizers is the intrinsically disordered N-ter-
minal tail of the cyclic GMP phosphodiesterase (PDE6) inhibitory
c-subunit (PDEc) that stimulates GTPase activity of the a-subunit
of transducin (at) by enhancing the interaction between at and its
regulator of G protein signaling (RGS9) constitutively bound to the
type 5 G protein b-subunit (b5) thereby stabilizing the GTPase-
accelerating protein complex composed of PDEcatRGS9b5 [78].
The intrinsically disordered C-terminal domain of human DNA
glycosylase NEIL1 (which is one of the ﬁve mammalian DNA glyco-
sylases that excise oxidized DNA base lesions in the human gen-
ome to initiate base excision repair (BER)) serves as an
illustrative example of the intrinsically disordered intramolecular
stabilizer [79]. Here, this IDPT is required for stability and efﬁcient
in vivo enzymatic activity of NEIL1 and may provide an interaction
interface for many of NEIL1’s interactions with other BER proteins
[79]. Similarly, the acidic C-terminal tail of the architectural factors
HMGA (which are highly connected hubs in the chromatin network
and affect key cellular functions) shields the inner portions of the
protein from limited proteolysis and deﬁnes the ability of HMGA
proteins to assume a compact form [80].2.1.11. Assemblers
Formation of many complexes represents a multistage direc-
tional process, where complexity increased as new partners are
added, and where subsequent steps crucially depend on the suc-
cess of the preceding stages that often determine the new binding
site formation. Induced folding of IDPRs is an important contribu-
tor to this cascade mechanism, and therefore IDPTs can serve here
as potentiators of complex assembly. For example, binding and
subsequent induced folding of the intrinsically disordered C-termi-
nal tail of the redox switch CP12 protein in the active site of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) stabilizes the
binary complex, and represents the ﬁrst step in the formation of
ternary complex that includes CP12 and two enzymes of the car-
bon assimilation cycle, GAPDH and phosphoribulokinase [81]. Sim-
ilarly, the intrinsically disordered N-terminus of calponin
homology-associated smooth muscle protein (CHASM) serves as
assembler and interacts with the calponin homology domain ﬁrst
to enable the subsequent tropomyosin binding [82].
2.1.12. Modiﬁcation displays
Structural plasticity of IDPs, IDPRs in general and IDPTs in partic-
ular determines their frequent use as easily accessible displays of
various PTM sites. PTMs play a number of fundamental roles in reg-
ulating the folding of proteins, their targeting to speciﬁc subcellular
compartments, their interaction with ligands or other proteins, and
their functional state, such as catalytic activity in the case of en-
zymes or the signaling function of proteins involved in signal trans-
duction pathways [83,84]. Some proteins require multiple different
types of posttranslational modiﬁcations for their function. For such
multi-PTM proteins, modiﬁed sites do not only mediate individual
functions, but also function together to ﬁne-tunemolecular interac-
tions and tomodulate overall protein activity and stability [85]. One
dramatic example of such proteins is provided by a the disordered
tails of histones, which require methylation, acetylation, phosphor-
ylation, ubiquitylation, ADP-ribosyation, and SUMOylation at dif-
ferent stages of their action, with different modiﬁcations affecting
histone–DNA interactions and also the histone–histone interfaces,
thus providing the capacity to disrupt intra-nucleosomal interac-
tions and to alter nucleosome stability [86].
2.1.13. Degrons
Degrons are speciﬁc sequences of amino acids in a protein that
indicates the starting points of degradation. Since a degron se-
quence can occur at either the N- or C-termini, degrons are called
N-degrons or C-degrons respectively [87]. Illustrative examples of
the IDPT-located degrons are multiple destabilization or degron
elements found in the intrinsically disordered C-terminus of Pih1,
which is an unstable protein that serves as a subunit of the R2TP
complex containing the helicases Rvb1, Rvb2, and the Hsp90 cofac-
tor Tah1 that in yeast S.cerevisiae is required for the box C/D small
nucleolar ribonucleoprotein (snoRNP) assembly and ribosomal
RNA processing [88]. In the pyrimidine biosynthetic enzyme thymi-
dylate synthase (TS), which catalyzes the reductive methylation of
dUMP to form dTMP and is essential for DNA replication during cell
growth and proliferation, contains an N-terminally located degron
that mediates the ubiquitin-independent proteasomal degradation
of this protein [89]. Furthermore, this N-terminal intrinsically dis-
ordered 27-residue domain of the human TS was found to act as
universal degron, since being combined with an a-helix formed
by the next 15 residues, this domain has the ability to destabilize
a heterologous polypeptide to which it is attached [90].
2.1.14. Intertwinders
Although interaction of many IDPs/IDPRs (especially those in-
volved in signaling and regulation) are transient, some disordered
proteins are known to be involved in the formation of very stable
1896 V.N. Uversky / FEBS Letters 587 (2013) 1891–1901complexes. Some of these complexes are stabilized due to the
intertwined structure that engages tails of interacting proteins.
Often, such intertwined structure is based on the ability of individ-
ual a-helices to wrap around each other into a left-handed helix to
form a structure known as coiled-coil [91,92]. Coiled-coils possess
relatively simple structure, which is, however, packed very tightly
and this structural motif is commonly used in protein multimeriza-
tion. For example, the multimerization of the bPIX (p21-activated
kinase interacting exchange factor) is crucial for its biological func-
tions and is driven by the intrinsically disordered C-terminal
coiled-coil domain. Crystal structure of this domain, which spans
52 residues (residues 587–638), revealed that each monomer folds
into a single a-helix and three copies of this domain form a 76-Å-
long parallel coiled-coil trimer [93].
2.1.15. Penetrators
In complexes of some IDPs with other proteins or RNA, signiﬁ-
cant parts of IDPs penetrate deep inside the structure of their bind-
ing partners. For example, the analysis of crystal structure of the
30S ribosome subunit revealed that many proteins, in addition to
one or more globular domain of a structure similar to those deter-
mined for the isolated proteins, contain extended internal loops or
long N- or C-terminal extensions that were not seen in the isolated
structures, but which were associated intimately with the RNA in-
side the ribosome [94]. For many ribosomal proteins (e.g., S9, S10,
S11, S12, and S13), the globular domains were found mainly at the
surface of the 30S subunit, whereas their long extensions and loops
were buried in the RNA [94]. The most illustrative example of this
penetrating mode is S12 (see Fig. 1B), which has a globular domain
at the interface side and a long N-terminal extension that threads
its way through the 30S subunit to emerge on the back side to
interact with proteins S8 and S17 [94].
2.1.16. Domain swappers
Formation of many complexes relies on the domain swapping
mechanism, where a secondary or tertiary element of a monomeric
protein is replaced by the same element of another protein. This
interaction mode typically result in the formation of highly inter-
twined structures, where the monomers are so highly interlinked
that they do not have the globular structure. Examples of such
interactors are many, but just two cases are represented below
to illustrate the point. In the crystal structure of the met repressor,
monomers of which comprise of three a-helices A, B and C and one
b-strand, the dimer contacts are made along adjacent faces of the
2-fold related a-helices B and B0 of two monomers and by their
b-strands. The antiparallel b-strands loop over one another and
establish the highly intertwined dimer [95]. In a crystal structure
of the trp repressor, a-helices A, B, C, D, E, and F form an extensive
interlocking structure [96,97]. All but one of the helices (helix D) of
one subunit form intensive contacts with some parts of the second
subunit (see Fig. 1C).
2.1.17. Chameleons
One of the most unique features of IDPs is their ability to gain,
in a template-dependent manner, very different structures in the
bond form. This capability is illustrated by the C-terminal binding
region of p53, the same short segment of which binds to four unre-
lated partners adopting different conformations when bound to
the different partners. The disordered segment near the p53 C-ter-
minus adopts an a-helix, a b-strand, and two differently laid irreg-
ular structures upon binding with its four different partners [39].
Such chameleon behavior is illustrated by Fig. 1D.
2.1.18. Hijackers
Viral proteins are known to evolve as smart hijackers that effec-
tively exploit various pathways of the host cell to enhance viralinfection. In fact, members of a viral proteome are among the most
heavily connected interactors that commandeer and control many
diverse pathways and processes inside the host cell [98]. One of the
strategies utilized by viral proteins is the extensive mimicry of host
protein short linear motifs (SLiMs) [98]. This approach works be-
cause the vast majority of the endogenous cellular functions are
mediated by SLiMs, which are short sequences (three to ten resi-
dues) that encode functional interaction interfaces and that are lo-
cated within IDPRs, including IDPTs. Therefore, to be effective
hijackers, viral proteins simply need to mimic SLiMs, which is a rel-
atively simple task since SLiMS are short. Furthermore SLiMs
responsible for interactions with different partners can overlap
[98]. The characteristic features of SLiMs (their small size, intrinsi-
cally disordered nature, and overlapping positioning within se-
quence) are perfectly suitable for viruses that possess very
compact genomes [98].
An interesting hijacker of non-viral origin can be found in
enterohaemorrhagic Escherichia coli that commanders host cyto-
skeletal signaling to stimulate actin assembly beneath bound bac-
teria, generating ‘‘pedestals’’ that promote intestinal colonization
[99]. In doing so, bacteria translocates two proteins, EspF(U) and
Tir, that form a complex with the host protein IRTKS the subse-
quent interaction of which with N-WASP promotes localized actin
polymerization. An intrinsically disordered tail of EspF(U) is sufﬁ-
cient to form a high afﬁnity trimer with N-WASP and IRTKS and
this tail is able to outcompete cellular targets since it contains a
tryptophan switch that offers superior binding afﬁnity enabling
bacteria-induced pedestal formation [99].
During the Helicobacter pylori infection, the type IV secretion
effector CagA, which is one of the major bacterial virulence deter-
minants that plays a critical role in gastric carcinogenesis, is deliv-
ered into gastric epithelial cells, localizes to the inner face of the
plasma membrane, and starts to act as a pathogenic scaffold/hub
that promiscuously recruits host proteins to potentiate oncogenic
signaling [100]. The major role in this hijacking activity is played
by the intrinsically disordered C-terminal region that controls ver-
satile interactions of CagA with a wide range of host proteins [100].
2.1.19. Anchors
Some protein tails evolve to act as anchors that ground their
carriers to speciﬁc locations (such as other proteins or protein
complexes, nucleic acids, ribonuclearprotein complexes, mem-
branes, etc.). For example, the signal-transducing protein IIAGlucose
of the E. coli phosphotransferase system contains a disordered N-
terminal tail (residues 1–18) that was shown to fold into amphi-
pathic a-helix in the presence of negatively charged membranes
and anchor IIAGlucose to E. coli membranes thereby stabilizing the
complex of IIAGlucose with IIBCGlucose [101]. Similarly, small GTPases
contain a hypervariable region (HVR) that often encodes a polyba-
sic region (PBR) that contributes to the charge-mediated associa-
tion of these proteins to intracellular organelles, to the inner
leaﬂet of the plasma membrane, and is also involved in interaction
of small GTPases with their protein partners that control various
aspects of signaling of localized GTPases [102]. Many proteins
interacting with outer mitochondrial membrane (OMM) contain
speciﬁc C-terminally located transmembrane domains of moderate
hydrophobicity, 10–20 amino-acid residues in length and ﬂanked
by positively charged residues that are responsible for tail-anchor-
ing these proteins to OMM [103]. Proteins with slightly different
tail-anchor domains are also tail-anchored to the ER and in peroxi-
somes [104].
The interaction of the intrinsically disordered C-terminal do-
main of the membrane-embedded voltage-activated potassium
channels (Kv) with various intracellular scaffold proteins repre-
sents an illustrative example of an IDPT that serve as an anchor
in protein–protein interactions [105]. This particular interaction
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and therefore is crucial for normal functioning of the synapses
[105]. Long N-terminal tails are involved in anchoring of the axo-
nemal microtubule-based ATP-driven motor proteins dyneins in
arrays to the peripheral microtubule doublets [106].
Protein–protein interactions are known to be facilitated by so
called anchor residues, which being deeply buried upon binding
provide recognition speciﬁcity, and facilitate the binding efﬁciency
[107]. Aromatic residues, with their known ability to be involved in
speciﬁc p–p interactions, often serve as such anchor residues in
disorder-based protein–protein interactions [108]. For example,
the intrinsically disordered N-terminal domain of the p53 protein,
which is ﬂexible in the non-bound state but folds at interaction
with binding partners, contains anchor residues Phe19, Trp23,
and Leu26 that are involved in binding to Mdm2 [107]. Many
examples of p–p interactions involved in binding of disordered
protein tails to their partners are listed in a recent review [108].
2.1.20. Switches
The molecular switching mechanisms are commonly involved
in mediating cell regulation [20,109]. Often, switching is controlled
and regulated by covalent modiﬁcations and therefore requires
binding to more than one target, a modifying enzyme and the
physiological receptor [20]. For example, in hypoxia-inducible fac-
tor 1-alpha (HIF1a), the conserved Asn803 located within the
intrinsically disordered C-terminal domain acts as a hypoxic
switch, since hydroxylation of Asn803 in normoxic cells impairs
the binding of the HIF1a C-terminal transactivation domain to
CBP/p300 [20]. Interestingly, when C-terminal transactivation do-
main of HIF1a is bound to the TAZ1 domain of CBP/p300, it forms
a helical, whereas binding of this tail to the enzyme that accom-
plishes the hydroxylation of Asn803 requires that the same region
of HIF1a forms a highly extended structure, with the Asn side
chain projecting into the enzyme active site [20]. A comprehensive
recent study analyzed the numerous roles of convergently evolv-
able interaction modules known as short linear motifs (SLiMs) in
mediating diverse regulatory functions, such as directing ligand
binding, providing docking sites for modifying enzymes, control-
ling protein stability, and targeting proteins to speciﬁc subcellular
locations [109]. It was also emphasized that the intrinsic properties
of SLiMs enable them to mediate molecular switching, and that
multi-SLiM switches may act cooperatively and competitively to
allow proteins to make decisions in a context-dependent manner,
to relay signals, and generate appropriate cellular responses [109].
Mechanistically, intrinsic disorder-based switches were
grouped in several classes, such as simple binary on–off switches
(where a protein interaction interface switches between the active
and inactive state), speciﬁcity switches (which are characterized
by two or more distinct functional ‘on’ states that deﬁne the ability
of an IDPR to switch speciﬁcity for different binding partners),
cumulative switches (which rely on ‘‘multisite modiﬁcation that
enables signal integration by combining multiple inputs, and al-
lows proteins to quantify time and temporally control regulatory
processes, or alternatively, to quantify enzyme activity and probe
the strength of a signal’’ [109]), avidity switches (where multiple
low-afﬁnity binding sites, being used cooperatively, generate
high-avidity interactions that can serve as a highly sensitive switch
by increasing the duration of an interaction until it reaches a bio-
logically relevant timescale), and sequential switches (that typi-
cally involve interdependent modiﬁcation events that mediate an
ordered transition from one functional form of a protein to an-
other) [109].
2.1.21. Recyclers
Interaction between the winged helix domain of RAP74, a
component of the general transcription factor IIF (TFIIF), and theC-terminus of the TFIIF-associating CTD phosphatase (FCP1) is
responsible for recycling of RNA polymerase II after transcription
[110]. The formation of this recycling complex is driven by the par-
tially structured sub-region of the intrinsically disordered C-termi-
nal domain of FCP1 that forms an a-helix in the complex and that
possesses nascent a-helical structure in the unbound state [110].
2.1.22. Grabbers
When bPIX interact with Shank/ProSAP protein, a crucial com-
plex is formed that acts as a protein scaffold integrating signaling
pathways and regulating postsynaptic structure [93]. The forma-
tion of this complex is mediated by the C-terminal PDZ binding
motif of bPIX located downstream of the coiled-coil domain and
the Shank PDZ domain. In a crystal structure of the bPIX coiled-
coil-Shank PDZ complex, the bPIX coiled-coil forms a 76-Å-long
parallel coiled-coil trimer which utilizes only one of three available
PDZ binding motifs to bind to a single Shank PDZ. In this structure,
one of the C-terminal ends of the coiled-coil forms an extensive b-
sheet interaction with the Shank PDZ, whereas the other two PDZ
binding motifs are not involved in ligand binding and form random
coils (Fig. 1E) [93].
2.1.23. Multirods
Efﬁciency of ﬁshing can be increased by using multiple ﬁshing
rods. In protein interactions, some IDPs form speciﬁc homocom-
plexes possessing structured cores and multitude of disordered
tails, each suitable for independent binding to multiple partners.
One of such multirods is the hexameric E. coli RNA chaperone
Hfq, which is involved in riboregulation of target mRNAs by small
trans-encoded RNAs [111]. Structural analysis of this protein re-
vealed that in the functional hexamer, the C-termini are ﬂexible
and extend laterally away from the hexameric core (see Fig. 1F).
These rods provide ﬂexible moieties capable of tethering long
and structurally diverse RNA molecules [111].
2.1.24. Capasitators
Capacitation is a biochemical process crucial for the mamma-
lian spermatozoa maturation. The major players in this process
are the members of the Binder of Sperm (BSP) proteins, which
are involved in promotion of the cholesterol and phospholipid ef-
ﬂux to the sperm [112]. Recently, based on the comprehensive bio-
informatics analysis of various BSPs from different organisms (bull,
horse, and rabbit) supported by structural characterization of bo-
vine BSP5 revealed that that the N-terminal domains of these pro-
teins are intrinsically disordered, suggesting that IDPTs potentially
play a role in sperm capacitation and/or sperm–egg interactions
[112].
2.1.25. Recruiters
Some IDPs act as mobile recruiters responsible for the assem-
bly/maintenance of speciﬁc complexes at deﬁned locations. For
example, members of the YidC/Oxa1/Alb3 family of membrane
proteins control the insertion and assembly of membrane proteins
in bacteria, mitochondria, and chloroplasts [113]. Analysis of the
Alb3 interaction with the chloroplast signal recognition particle
(cpSRP) revealed that the recruitment of cpSRP to the thylakoid
membrane is mediated by the intrinsically disordered C-terminal
domain of the Alb3 that undergoes a coupled binding and folding
while interacting with the chromodomain 2 of the cpSRP43 protein
that act as a central binding platform that in addition to Alb3 can
interact with A3CT and cpSRP54 [113].
2.2. Entropic chain functions
Some IDP/IDPR functions do not involve interactions and utilize
the highly ﬂexible and entropic nature of these extended
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IDTPs are entropic bristle and entropic clock activities.
2.2.1. Entropic bristles
By random movements about its point of attachment, an IDPR
would sweep out a signiﬁcant region in space and entropically ex-
clude large particles without excluding small molecules such as
water, salts, metals, or cofactors, therefore acting as entropic bristle
or entropic bristle domain [114]. Illustrative examples of natural
entropic bristles are disordered termini of neuroﬁlament H and M
proteins that are >300 and >600 residues long, respectively, and
that occupy space by thermally driven motion and thereby main-
tain the separation of neighboring ﬁlaments, and also maintains
the axonal bore, possibly allowing the movement of small mole-
cules and maintaining the shape of the axon against compression
[115]. Recently, the ability of highly disordered tails to serve as
entropic bristles (EBs) preventing proteins from interaction was
used to design of the EB-based protein solubilizers that extend
away from the partner and sweep out large molecules, therefore
allowing the target protein to fold free from interference [116].
Here, a set of natural and artiﬁcial EBs (that have a low level of se-
quence complexity, a high net charge and are diversiﬁed by means
of distinctive amino acid compositions and lengths) was designed
as intrinsically disordered, highly charged protein sequences that
were translationally fused to partner proteins to serve as effective
solubilizers by creating both a large favorable surface area for water
interactions and large excluded volumes around the partner [116].
2.2.2. Entropic clocks
IDPTs are crucial components of the entropic clocks that pro-
vide a timing mechanism arising from random searches such as
those observed in the ball-and-chain model for closure of volt-
age-gated ion channels. In Shaker potassium channel, a speciﬁc re-
gion located at the intrinsically disordered N-terminal tail was
shown to play an important role in inactivation by stochastically
interacting with the open channel to cause inactivation [117]. Re-
cently, a detailed analysis revealed that there is a linear correlation
between the length of the channel’s tail and its binding afﬁnity to
the scaffold protein partner PSD-95, whereas the dissociation rate
constant is independent on chain length [118]. These observations
suggested that the IRPT of the Shaker channel controls the entropy
of association whereas the PDZ binding motif located at the tip of
the tail controls the interaction enthalpy. This provided a strong
support to the entropic clock mechanism, where the disordered tail
of the channel modulates the timing of the complex formation
with the scaffold protein partner [118].
2.3. Chaperone functions of disordered tails
Chaperones are highly sophisticated proteinaceous machines
that can assist folding of proteins or nucleic acids into the biolog-
ically active structure, prevent aggregation, actively unfold mis-
folded substrates, solubilize aggregates, pull translocating
proteins across membranes, remodel native protein complexes,
and even induce the aggregation of fatally damaged proteins
[119]. All these multifarious activities cannot be easily described
within the frames of binding-based or entropic chain mechanisms
of protein functionality. Not surprisingly, chaperone action was ta-
ken as a special form of protein function [120]. Intrinsically disor-
dered regions are very common in protein and RNA chaperones
[120,121], where they play various functional roles ranging from
segments of molecular recognition, to solubilizers, to elements that
locally loosen the structure of the kinetically trapped folding inter-
mediate via transient binding, to important players of the ‘‘entropy
transfer’’ model, where disorder of a chaperone regions is trans-
ferred to a misfolded target macromolecule thus facilitating its lo-cal unfolding to facilitate conformational search [120]. Often, ITDPs
are involved in chaperone functions and sometimes they act as
intramolecular chaperones.
2.3.1. Disordered tails of protein chaperones
Small heat-shock proteins (sHsp) that constitute a large family
of proteins expressed in all phyla of living organisms have low
molecular masses (13–43 kDa) and possess modular structure con-
taining a long intrinsically disordered N-terminal domain, a con-
servative a-crystallin domain (about 90 residues) that consists of
several b-strands forming two b-sheets packed in immunoglobu-
lin-like fold and short intrinsically disordered C-terminal domain
[122]. Both intrinsically disordered terminal domains are suscepti-
ble to proteolysis and prone to posttranslational modiﬁcations. N-
terminal domains interact with each other and bind to the core a-
crystallin domain of the same or neighboring dimers. Therefore,
these disordered tails play important role in formation of large
sHsp oligomers, quaternary structure of which and chaperone-like
activity are modulated by the N-termini phosphorylation [122].
The intrinsically disordered C-terminal extension affects the plas-
ticity and the overall structure of sHsp oligomers and also interacts
with target proteins [122].
2.3.2. Disordered tails of RNA chaperones
Many newly synthesized non-coding RNAs are protected from
nucleases by the La protein that binds the 30 ends of these RNAs
and inﬂuences their folding, maturation, and ribonucleoprotein
assembly [123]. An intrinsically disordered C-terminal domain of
the S. cerevisiae La protein Lhp1p was shown to inﬂuence the cellu-
lar fates of multiple distinct RNA targets, being required for the
accumulation of certain non-coding RNA precursors, for interaction
with a diversity of non-coding RNA precursors such as pre-tRNAs,
U6 RNA, or pre-5S rRNA, for protection of a pre-tRNA anticodon
stem from chemical modiﬁcation, and for assisting formation of
correctly folded pre-tRNA anticodon stems in vivo [123].
2.3.3. Disordered tails as intramolecular chaperones
Some proteins possess speciﬁc intramolecular chaperones,
which are encoded as N-terminal or C-terminal extensions that
are essential for protein folding but not required for protein func-
tion, as it is removed after the protein is folded by autoprocessing
or by an exogenous protease [124]. Intramolecular chaperones
were classiﬁed into two major groups, where the type I chaperones
(or propeptides) are mostly found at N-termini of proteins and as-
sist tertiary structure formation, whereas the C-terminally located
type II intramolecular chaperones are not directly involved in ter-
tiary structure formation guiding the assembly of the functional
protein complex [124]. Some of these intramolecular chaperones
are intrinsically disordered. For example, structural analysis of
the isolated propeptide of subtilisin revealed that this type I intra-
molecular chaperone is unfolded under physiological conditions
[125]. Many proteins contain terminal extensions that are highly
disordered and prevent protein aggregation. These disordered
extensions can be considered as entropic bristles utilized as intra-
molecular chaperones. For example, NEIL1, a human homolog of E.
coli DNA glycosylase endonuclease VIII, has a disordered C-termi-
nal region that deﬁnes solubility of this protein, since a construct
missing the entire disordered C-terminal region (last 106 amino
acids) failed to produce any soluble protein [126].3. Conclusions
Our understanding of the protein structure–function relation-
ships has changed drastically during the past 15 years due mostly
to the recognition of the fact that a biologically active protein is
V.N. Uversky / FEBS Letters 587 (2013) 1891–1901 1899not obligated to possess unique 3-D structure as a whole or in part,
and that many biologically important functions may originate from
the lack of ordered structure in a protein molecule. IDPs and hybrid
proteins with long IDPRs are very common in any given proteome
where they have numerous crucial functions. Propensity for intrin-
sic disorder is unevenly distributed within protein sequence, and,
on average, protein termini are more prone to be disordered than
internal regions. Disordered character of protein tails is heavily
used by nature, and termini have evolved to possess a wide array
of functions that rely on promiscuous interactions and/or entropic
advantages. The multifarious character of functions ascribed to
IDPTs shows that these ﬂexible tails represent an important exten-
sion of functional tools available to proteins. Therefore, the existing
practice, when disordered tails are voluntary removed by research-
ers to facilitate determination of protein structure is a ‘‘throw out
the baby with the bath water’’ situation. In fact, although knowing
structure is important for better understanding of the molecular
mechanisms of protein function, many truncated proteins resemble
bodies with amputated hands: they are alive but cannot do much.
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